ABSTRACT: Changing climatic conditions are affecting ecosystems worldwide, but polar ecosystems are experiencing the most rapid changes as the extent of summer sea ice has diminished over the last several decades. In the Canadian Arctic, thick-billed murres Uria lomvia can be used as samplers of the marine environment, and we examined changes in the diet of the birds between recent and historical studies from the 1970s and 1980s. In the low Arctic, the amount of Arctic cod, an ice-dependent species, declined in the murre diet; and capelin, a subarctic species, has now become the primary prey item. In the mid-Arctic, where summer sea ice is still present during the summer, Arctic cod persists as an important prey item, but capelin is now regularly observed, marking an apparent northward expansion of this species over the last 30 yr. In the high Arctic, summer sea ice continues to dominate the seascape in most years, and Arctic cod continues to dominate the diets of the murres. Changes in Arctic cod in the bird diet were found to be more related to sea ice conditions averaged over multiple years rather than single-year indices, indicating that long-term changes in sea ice do impact this prey species. The diversity of the prey sampled by the birds has decreased, signaling a potential change in the number of prey species available. Overall, the birds illustrate changes occurring in the marine environment in areas where little other information is available. 
INTRODUCTION
Changing climatic conditions are affecting biological systems worldwide (Edwards & Richardson 2004) . High latitudes are expected to be particularly affected by changing atmospheric and oceanographic conditions, as a result of widespread changes in sea ice and snow cover (IPCC 2007) . In the Canadian Arctic, an overall warming trend and a reduction in summer sea-ice cover have been observed over the last several decades (Barber et al. 2008) . Such changes are likely going to fundamentally alter Arctic ecosystems, as sea ice plays a central role to marine organisms, and changes in sea ice have direct impacts on local species (Gaston et al. 2005a , Soreide et al. 2010 . Tracking changes in sea-ice ecosystems over time can help us understand ecosystem dynamics as well as how changing climatic conditions may affect the polar regions.
Seabirds are considered ideal organisms for track ing changes in marine environments (Cairns 1987) . They are highly visible, easy to count, and have a life history that is tightly coupled with the environment, and as a result have been useful in studying changes in fish populations in a number of ocean basins (Piatt et al. 2007 ). In the eastern Canadian Arctic, the thick-billed murre Uria lomvia (hereinafter referred to as 'murre') has been shown to be a useful indicator species for tracking changes in the marine environment, based on long-term monitoring programs (Gaston et al. 2005b ).
Starting in the mid-1970s, several studies examined the diet of adult murres throughout Canada's low-, mid-, and high-Arctic oceanographic zones as defined by Salomonsen (1965) (Bradstreet 1980 , Gaston & Nettleship 1981 , Gaston & Noble 1985 . Historically, the diet of high-Arctic murres was dominated by Arctic cod Boreogadus saida, a cold-water schooling fish that spawns on the under-surface of ice (Craig et al. 1982) , while low-Arctic murres also consumed Arctic cod along with a number of secondary prey items (Gaston & Bradstreet 1993) .
Since these initial studies, several long-term monitoring programs have been established by Environment Canada in the Canadian Arctic to study murres, with a major part of the research focused on the murre colony at Coats Island, Nunavut (62°57' N, 82°00' W). In the 1980s and early 1990s, most food items delivered to nestlings by parents on Coats Island were Arctic cod (Gaston et al. 2003) . However, beginning in the mid-1990s, capelin Mallotus villosus, a subarctic schooling fish species common off the coast of Atlantic Canada, became more common in the nestling diet, whereas the amount of Arctic cod declined. By 1997, capelin was the most common prey item delivered to nestlings (Gaston et al. 2003) , a pattern that has persisted to date (A. J. Gaston unpubl. data).
In light of the changes observed in the nestling diet at Coats Island, and the changes in sea ice observed throughout the eastern Canadian Arctic, a reassessment of adult murre diet throughout the region was needed to detect potential widespread changes in murre diets. In the present study, in order to compare current murre diets with historical samples, murres were collected for stomach content analysis from 2007 in the same areas and on similar dates as collections made in the 1970s and 1980s (see Table 1 ).
As sea ice conditions are a major factor structuring marine ecosystems in the Arctic, the diets of the birds were expected to show the greatest changes in the low Arctic, where dramatic changes have occurred in summer sea-ice cover over the last few decades (Barber et al. 2008) . Diversity in prey items at the lowArctic sites was expected to increase as subarctic species start to contribute more to the diversity of the murre diet. In the high Arctic, where sea ice continues to be present for much of the summer, murre diets were expected to show little or no change in composition or diversity, while in the mid-Arctic, changes were expected to be intermediate between those in the high-and low-Arctic zones (Gaston & Bradstreet 1993) .
We also looked at how changes in the 2 main prey species, Arctic cod and capelin, in the murre diet were related to changes in local sea-ice conditions during the breeding season in the year of sampling and in the previous 2 yr. Due to the sympagic (iceassociated) nature of Arctic cod, changes in this fish species in the diet of the murres was expected to be more positively related to sea ice over several years as compared with any single year of ice cover. Conversely, as capelin is a subarctic species, and not dependent on sea ice, the presence of this species in the murre diet was expected to be more negatively related to sea ice cover over a period of several years.
MATERIALS AND METHODS
Stomach content analysis has limitations as a dietary study tool, as it is biased toward prey items with hard parts or those that have been recently ingested (Jackson & Ryan 1986) . The retention time of prey items varies with species, and stomach contents usually reflect species preyed upon in the last 6 to 24 h (Brekke & Gabrielsen 1994 , Hawkins et al. 1997 . As a result, direct dietary comparisons are admissible only where they duplicate, as closely as possible, the methods of the earlier studies.
Collections
Adult murres were collected at 5 sites spread throughout the eastern Canadian Arctic. Birds were shot with a 12-gauge shotgun using steel shot from a small boat in areas where birds were seen to be actively feeding. During the 2007−09 breeding seasons, murres were collected from the waters around Akpatok Island (60°25' N, 68°08' W), Coats Island, and Digges Sound (62°33' N, 77°35' W) in the low Arctic; the Minarets (also known as Akpait; 66°56' N, 61°46' W) in the mid-Arctic; and Prince Leopold Island (74°02' N, 90°00' W) in the high Arctic (Fig. 1 , Table 1 ). Murres were collected as close as possible to historical collection dates to minimize differences in diet due to seasonal patterns. After the collections were complete, carcasses were kept cool for 6 to 24 h, and then frozen until dissections were carried out.
Laboratory procedures
Each gastrointestinal tract (GIT) was cut longitudinally along the entire length of the tract. Once the GIT was opened, the stomach was flushed with ethanol to remove all the items, taking care to remove all items in the folds of the stomach, and placed in 95% ethanol. Prey remains in each stomach sample were sorted, divided into smaller vials, and categorized using an MZ6 Leica binocular microscope.
Otoliths were viewed, measured, and photo graphed using the Leica microscope, a scope-mounted video camera, and image analysis software. All otoliths were identified using Campana (2004) , and voucher otoliths were sent to Otolith Techno logies' laboratory in Stillwater, Nova Scotia for con firmation of iden tification (www. marinebiodiversity. ca/ otolith/ english/ home.htm). If 2 otoliths from a given stomach measured within 0.2 mm, they were considered to originate from the same fish (Bradstreet 1980) . The minimum number of fish in each stomach was calculated as the number of matched otolith pairs plus the number of un matched individual otoliths.
Intact zooplankton individuals, along with heads and tails for each taxon, were enumerated and identified to the lowest taxonomic level possible (Holmquist 1959 , Clarke 1962 , Tencati & Leung 1970 , Baker et al. 1990 , Klekowski & Weslaw ski 1991 , Vino gradov et al. 1996 , Audzijonyte & Vainola 2007 . Abundance estimates were based on the sum of whole zooplankton and the number of heads or tails, whichever was more numerous, giving a minimum number for each stomach.
Polychaete jaws were identified as left or right, and the number of individual polychaetes present was determined from the maximum number of either right or left jaws. Squid numbers were estimated by the maximum number of beak hoods or rostrums present.
Diet data analysis
Sampling occurred at 5 colonies, but for dietary comparisons, only Digges Sound, the Minarets, and Prince Leopold Island are included, as these had both robust historic and current stomach samples. The 2007−08 dietary results for Coats Island and Akpatok Island are included and referred to for general discussion purposes, but due to a lack of historic stomach-contents data from Coats Island, and highly degraded current samples from Akpatok Island because of logistical challenges Salomonsen (1965 during collections, these colonies are not included in the diet-change analysis. The prey item results are presented as percent totals, which describe the proportion of prey items as a function of the total amount of prey items found in the birds at a given colony (see Fig. 2 ). Percent occurrence or incidence rate is given in the supplement (www.int-res.com/ articles/ suppl/ m454 p171_ supp. pdf), describing the proportion of birds that contained at least one of the prey items as a function of the total number of birds collected during the sampling (i.e. incidence rate).
To test for differences in the proportion of fish and invertebrates consumed by the birds as a function of total prey items, a generalized linear mixed model was used ('Proc GLIMMIX': this and other procedures run in SAS version 9.2). Fish proportion of total prey consumed was modeled with time period (historic vs. new) and zone (low, mid-, and high Arctic) as explanatory variables. The effect of year nested within sampling periods was modeled as a random variable. Only those birds sampled during the chickrearing season (July to mid-August) were included in this analysis to control for any seasonal difference in diet. The model was fitted with a binomial distribution and a logit function, and controlled for overdispersion of the data by modeling residuals as a random variable ('random = residual' statement).
Counts within fish subgroups (e.g. Arctic cod, sandlance, sculpin) were modeled as response variables and tested for variation with time period and Arctic zone using a similar generalized linear mixed model. Again, the effect of year nested within time periods was modeled as a random variable. This model was fitted with a negative binomial distribution and log link function to control for over-dispersion in the data. Models failed to converge for capelin, sandlance, and the remaining fish categories pooled into a single category ('other') because of low occurrence in diets sampled in the high-Arctic zone, and for this reason we modeled these groups based on data from the lowand mid-Arctic zones only. When a significant interaction was found between time period and zone in the number of individuals within a fish category in the diet samples, LSMEANS statements were used for post hoc comparisons of fixed effects within this model.
The invertebrate diet data (hyperiids, gammarids, mysids, squid, other) were highly zero-inflated and over-dispersed, precluding the use of generalized linear mixed models. Instead, these data were modeled using maximum likelihood estimation ('Proc GENMOD') and a negative binomial distribution with a log link function. This modeling technique does not allow for the inclusion of year nested within time sample period as a random variable. When a significant interaction was found between time period and zone in the number of individuals within an invertebrate subgroup in the diet samples, LSMEANS statements were used for post hoc comparisons of fixed effects within this model.
Sea ice analysis
To examine the relationship between the sea ice and the main fish species found in the murres, we used the historical percentage of sea ice cover on 16 July from the area around the colonies as reported from the Canadian Sea Ice Service (using IceGraph 1.03, available at http://ice-glaces.ec.gc.ca/IceGraph 103/?id=11874&lang=eng) as a linear explanatory variable for predicting diet composition in the murres. Sea ice on this date has been shown to be related to murre diet (Gaston et al. 2005b ). These analyses were more complicated than comparing diet composition between sampling periods because prey populations are likely determined by ice conditions in previous years. For this reason, indices of ice conditions at variable lag-times were created as predictors for diet composition among the 3 Arctic zones. Indices of ice conditions used were conditions during the sample year (t 0 ), the year before sample (t −1 ), and 2 yr before sample (t −2 ), as well as mean indices combining sample year and the year prior to sample, (t 0 + t −1 )/2, and mean combining sample year, year prior to sample, and 2 yr prior to sample, (t 0 + t −1 + t −2 )/3.
To explore the relationship between the proportion of fish in overall diet and subgroup abundance with the various ice condition indices, we used maximum likelihood estimation and the Akaike information criterion (AIC) to guide our choice among the different indices. For the analysis based on fish proportion, we modeled with a logit link function and binary distribution for proportion of fish, and for both analyses based on the fish subgroup abundance data, we used a log link function and negative binomial distribution to account for over-dispersion within the data. All exploratory models included zone and interactions as explanatory parameters.
Once the best-fit ice index was determined for both proportion of fish in overall diet and fish subgroup abundance, we tested the relationship between the best-fit ice condition index with proportion of fish and subgroup abundance in diet samples among zones, again using 'Proc GENMOD' with logit link function and a binary distribution (proportion data), and with a log link function and a negative binomial distribution to correct for over-dispersion in the subgroup abundance data. Insignificant explanatory variables and higher-order variables were removed in the final model.
Prey diversity
Prey diversity for each site was examined using species-richness accumulation curves, which allow for standardized comparison of diversity across collections that differ in sample size (Gotelli & Colwell 2001) . This approach was used to examine prey species diversity in murre diets at the 3 colonies with robust historic and current diet sampling (Digges Sound, the Minarets, and Prince Leopold Island). All birds sampled in July and August (the chick-rearing period) that contained at least 1 identified item in their GIT (leading to smaller sample sizes) were grouped together by colony and sampling period, and the prey abundances for each bird were put into a matrix in EcoSim (Gotelli & Entsminger 2009 ) to create a sample-based curve, with a rarefaction curve as the randomization algorithm and species richness as the prey species diversity index. Prey diversity curves were then produced in Excel in order to compare the species richness with 95% confidence intervals. Non-overlapping endpoints outside of 95% confidence interval curves indicate significantly different diversity levels.
RESULTS
During 2007−09, 247 GITs were examined, of which 191 were from Digges Sound, the Minarets, and Prince Leopold Island, compared with 331 from the 1970s and 1980s from the same sites (Gaston & Bradstreet 1993) . In the present study, 12 488 prey items were identified (Tables S1 & S2 in the supplement at www.int-res.com/ articles/ suppl/m 454 p171_ supp.pdf), with fish accounting for 21% of the total number of prey items and invertebrates making up the rest. Most GITs contained >1 type of prey and only 14 (5.6%) contained no identifiable prey remains.
Differences among colonies
The primary prey items identified varied among the 5 colonies sampled. At Prince Leopold Island, Arctic cod was predominant (Fig. 2) ; at the Minarets, it was Arctic cod and mysids, with other fish and invertebrates in smaller numbers; at Coats Island, hyperiid amphipods were the most numerous prey item, with capelin the most numerous fish; and at Digges Sound, sandlance and capelin were the most common fish and mysids the most abundant invertebrates. At Akpatok Island, the stomach contents were highly degraded due to an unexpected delay in preserving the birds, resulting in many of the otoliths not being identifiable. Hence most of the fish in the diet are unknown, but by numbers, hyperiid amphipods were the largest group of invertebrates consumed at Akpatok. 
Differences in prey composition between recent and earlier samples
Overall, fish proportion (mean ± SD) varied between sampling periods inconsistently among zones ( Fig. 3 ; F 2, 376 = 3.46, p = 0.032). In particular, the proportion of fish decreased in the low-Arctic zone (historic: 0.40 ± 0.18; new: 0.055 ± 0.045; t = 2.11, df = 376, p = 0.036), did not change in the mid-Arctic zone (t = 0.09, p = 0.93), and in the high-Arctic zone it may have increased (old proportion: 0.43 ± 0.30; new proportion: 0.98 ± 0.05) but we failed to detect significance (t = 1.56, df = 376, p = 0.12).
Fish species abundance varied between time periods differently among the 3 Arctic zones for the 2 fish species with sufficient data to test (Arctic cod, sculpin). The proportion of Arctic cod differed sig nificantly between time periods and among zones (F 2, 304 = 6.91, p = 0.0012). In the low Arctic, there was a significant decrease in the proportion of Arctic cod in the diet from 30% of the fish consumed to < 5% (t = −2.85, df = 304, p = 0.005). In the mid-Arctic, Arctic cod increased from 15% of the fish consumed in 1985 to almost 70% (t = 2.02, df = 304, p = 0.04) in the 2007−08 sample. In the high Arctic, Arctic cod continued to be the main fish prey species (t = 0.97, df = 304, p = 0.33). Sculpins (family Cottidae) did not show a significant change over time (F 1, 5 = 0.81, p = 0.41).
Analyses based on capelin, sandlance, and 'other' fish data were restricted to murres sampled in the low-and mid-Arctic zones only, because of an extremely low rate of occurrence for these species in samples from the high Arctic. The number of capelin found in murre diets increased with time (χ Overall invertebrates in the diet of the murres also changed over time ( Fig. 3; χ 2 = 22.3, df = 5, p = 0.0005). Both copepod and squid abundance in murre diet did not vary with time (copepod: χ 2 = 3.38, df = 1, p = 0.070; squid: χ 2 = 1.51, df = 1, p = 0.22) and did not vary with time period by zone interaction (copepod: χ 2 = 0.98, df = 2, p = 0.61; squid: χ 2 = 3.65, df = 2, p = 0.16). Gammarid amphipods decreased significantly with time period (χ 2 = 23.8, df = 2, p < 0.0001) consistently among zones (χ 2 = 2.85, df = 2, p = 0.24). Mysids also decreased significantly with time (χ 2 = 8.11, df = 1, p = 0.0014) consistently among zones (χ 2 = 1.35, df = 2, p = 0.51). The amount of hyperiid amphipods in the diets of the murres varied inconsistently with time among the zones (χ 2 =16.8, df = 2, p = 0.0002). In the low Arctic, where hyperiid amphipods formed a relatively large portion of the murre diet in the earlier period, there was a significant decrease (from 30% of invertebrates to 8%: χ 2 = 20.48, df = 1, p < 0.0001). In the mid-Arctic, hyperiids contributed a small amount to the bird's diet but showed a significant increase with time (χ 2 = 6498.3, df = 1, p < 0.0001) (Fig. 3) . In the high Arctic, hyperiid amphipods continued to contribute to the diet of the birds in very small numbers, with only 14 hyperiids found in 50 birds from the high Arctic in 2008 (χ 2 = 2.91, df = 1, p = 0.09). Other invertebrate prey items found in small numbers include annelids, cumaceans, decapods, and euphausiids. Grouped together, these prey items were found to account for <10% of total invertebrate prey items, except at the Minarets in 1985, where > 20% of the invertebrates were from these 4 groups. Independently, changes in these groups could not be modeled due to limited numbers in the samples.
Considering all of the above changes, the greatest amount of change occurred in the diet of the murres in the low Arctic, with fewer changes in the midArctic and the least amount of changes in the high Arctic (Table 2) .
Changes in ice conditions
Between 1971 and 2010, the sea ice cover in northern Hudson Bay, around Digges Sound (low Arctic), decreased strongly, especially after 1993 (Fig. 4) . On average, the extent on 16 July was 33% during the period 1971 to 1993 and only 7% after 1993, and the overall slope of the trend line for sea ice cover (mean ± SD) for this time period is −7.45 ± 5.13% decade Changes in local sea-ice conditions were significantly associated with changes in the proportion of fish in general and specifically with the 2 main fish prey species consumed by murres, Arctic cod and capelin, but the nature of this association varied among zones. The ice index reflecting ice conditions 2 yr prior to the sample year had the highest explanatory power for variation in the proportion of fish in murre diets (Table 3) , the ice index reflecting ice conditions averaged over 3 yr up to and including the sample year was most effective for explaining variation in Arctic-cod abundance, and ice conditions prior to the sample year best predicted capelin abundance in murre diets.
Proportion of fish in the diet varied significantly with the best-fit ice index reflecting ice conditions 2 yr prior to sample year (F 2, 381 = 9.45, p ≤ 0.0001), and most of this variation occurred in the low-Arctic zone where fish proportion decreased significantly with the decrease in sea ice (t = 8.46, df = 381, p ≤ 0.0001). There was no significant relationship in the mid-Arctic zone (t = 0.52, df = 381, p = 0.60), and there was significant variation in the high Arctic where the proportion of fish decreased with more ice cover (t = −2.02, df = 381, p = 0.044). Capelin abundance varied significantly with the same best-fit ice index as overall fish proportion (ice conditions 2 yr prior to sample year) (F 1, 370 = 26.6, p ≤ 0.0001), but this variation was consistent among Arctic zones for this species. Arctic cod abundance in the diet varied with the best-fit ice index averaged over the previous 3 yr including the sample year, and the nature of the relationship differed significantly among Arctic zones (F 2, 368 = 45.8, p ≤ 0.0001). In the high Arctic, no significant change was detected in Arctic cod consumed by murres as the local ice conditions changed (t = 0.16, df = 368, p = 0.69), but in the low Arctic, Arctic cod increased in the murre diet with more sea ice (t = 32.2, df = 368, p = 0.0001), and in the mid-Arctic, Arctic cod decreased with increasing ice cover (t = 15.0, df = 368, p = 0.0001).
Changes in prey diversity
Diet diversity did not change between time periods in either the low Arctic (Digges Sound; 1980s: mean = 37.8, n = 178; 2000s: mean = 24.78, n = 81) or high Arctic (Prince Leopold Is land; 1970s: mean = 3.73, n = 16; 2008: mean = 6.42, n = 29) , with 95% confidence intervals overlapping in both cases (Fig. 5) . Diversity did differ significantly in the mid-Arctic (the Mina rets; 1985: mean = 28.94, n = 48; 2007−08: mean = 26.60, n = 17) as indicated by the non-overlapping endpoints of the diversity curves (Fig. 5) . Differences in diversity were not related to number of prey items, or associated with any single group of prey for any colony, and the level of taxonomic differentiation was similar among all samples.
DISCUSSION

Changes in diet
Changes in the diet of murres between earlier and recent samples were found in all zones. These changes are difficult to interpret as we have only 2 collection points separated by 20 to 30 yr, with little information from the intervening time. One potential confounding factor in diet comparisons is timing, as adult birds have been shown to alter their prey spectrum over the breeding season (Elliott et al. 2009 ), thus we tried to repeat as near to the original sampling dates as possible, which still correspond to the bird's breeding phenology. Fisheries may also influence prey communities, but no commercial fisheries operate in any of the areas sampled, so it is unlikely that our results are in any way affected by fisheries. Competition among other top predators can also influence marine communities, but although razorbills and subarctic gulls have increased in the low Arctic (Gaston & Woo 2008) , their numbers are negligible relative to the size of the large murre colonies (Brown et al. 1975 , Gaston 1991 . All these factors must be considered when examining and interpreting detectable changes in seabird diet, but their effects in the present study are likely to be small, allowing murres to be used as sentinels of changing marine ecosystems. Arctic cod still dominates the diet of the highArctic murres. This supports our prediction that little change should have occurred in the diet of the highArctic murres as sea ice conditions, although variable, have shown no consistent trend or change during the murre's breeding season. Arctic cod was also still the main fish species in the murre diet in the mid-Arctic, where sea ice is also still present in the summer months. In the low Arctic, where summer sea ice has declined the most drastically, and is now rare or non-existent, Arctic cod has all but disappeared from recent murre diets. Very few Arctic cod were found in the recent sample from Digges Sound, and only slightly more in the birds from Coats Island. At Akpatok Island, where murre diet studies go back 6 decades, the recent sampling found no Arctic cod, whereas this species was found to be a main prey item fed to chicks in 1954 (Tuck & Squires 1955) and was still present in the murre diet in 1983 (Gaston & Bradstreet 1993) . The decrease in Arctic cod in the murre diet is highly associated with ice conditions over 3 yr prior to and including the sample year in the low and mid-Arctic, suggesting that changes in this prey species in murre diets is more likely due to longer-term, chronic changes than episodic acute events.
The dependence of Arctic cod on sea ice (Craig et al. 1982) , declining numbers of Arctic cod in murre diets in Digges Sound cumulatively related to sea ice changes, and the disappearance of Arctic cod from the diet of murres over the last half century at Akpatok Island indicate that changes in Arctic cod as a prey item in the low Arctic may be a consequence of changing sea-ice conditions over the long term. Given the decrease in Arctic cod observed in murre diets in the low Arctic, where summer sea ice is negligible or absent most years, and the variability of sea ice cover in the high Arctic, where Arctic cod continues to be the main food item, our results indicate that the presence or absence of sea ice is the largest factor in Arctic cod availability for murres, although percent cover is likely to be a contributing factor as well.
Alongside the decrease in Arctic cod, the increase in capelin in the diet of the murres sampled in 2007−08 in the low and mid-Arctic suggests that this subarctic fish is becoming an important prey item at these colonies. Capelin is an abundant item in seabird diets in Atlantic Canada (Davoren & Montevecchi 2003) , but before the mid-1990s it was only observed as a secondary prey item for murres in the low Arctic (Gaston & Bradstreet 1993) . Throughout the 1980s to the mid-1990s, capelin was a secondary prey item in northern Hudson Bay (Gaston et al. 2003) , an area within the described range of this species (Leim & Scott 1966 ), but was not found among nestling diets at Hantzsch Island, off SE Baffin Island (Gaston & Noble 1985) , an area just north of the described distribution of capelin at the time. While capelin was present in the low Arctic prior to the 1980s, no range maps for capelin extended north to the Arctic Archipelago, no records existed for capelin on Baffin Island, and no capelin were found in the diets of the mid-Arctic adults at the Minarets in 1985 (Tee-van 1948 , Leim & Scott 1966 , Gaston & Bradstreet 1993 . Now, in 2007−09, capelin has become the dominant prey item at murre colonies in the low Arctic and is common at the Minarets in the mid-Arctic, which lies outside of the range described previously (Leim & Scott 1966) , but within more recent range descriptions (Muss et al. 1999) , suggesting a northward expansion in the range of this prey species.
In Hudson Bay, the change in sea ice has not been linear, but showed a more step-wise change in the mid-1990s (Scott & Marshall 2010, A. J. Gaston unpubl. data) . The replacement of Arctic cod by capelin as the main constituent of food fed to nestling murres at Coats Island coincided with this decrease in sea ice in the low Arctic (Gaston et al. 2003) . It is also important to note that prey stocks for murres are not likely to be solely determined by conditions in the year of collection, but as seen in our analysis can be affected by conditions over several years prior to sampling. Thus, a more thorough analysis of multi-year trends in sea ice may be more important to prey fauna availability than ice conditions in any particular year.
The decrease in Arctic cod in the diet with the simultaneous increase in capelin could be interpreted as a switch in preference by the murres, rather than a decrease in Arctic-cod numbers. However, this appears unlikely, because of the decline in the sea ice on which the Arctic cod depend, and because long-term monitoring from Coats Island suggests that during the period when the parents switched from Arctic cod to capelin for feeding their young, nestlings had reduced growth rates, indicating that this change in prey was not beneficial to the young (Gaston et al. 2005b) .
Based on the increase of subarctic capelin at lowArctic sites over the last decade, an increase in subarctic invertebrates was also expected in the diet of the low-Arctic birds. On the contrary, no invertebrate species characteristic of subarctic waters were identified, indicating that no general northward movement of invertebrate species has occurred to date. As most invertebrates are zooplankton and depend on the currents for dispersal, while fish can move of their own accord, subarctic zooplankton may take longer than fish to expand northwards. As ice conditions change, southern zooplankton species may be more likely to appear in Davis Strait (the Minarets) rather than in Hudson Bay, due to the direction of prevailing currents (Rekacewicz & Bournay 1998) .
Some changes in invertebrates were observed. The proportion of hyperiid amphipods, previously mostly Themisto libellula, fell at Digges Sound. Where the cold-water hyperiid amphipods and Arctic cod used to dominate the diet in Digges Sound, now 2 subarctic fish species (capelin and sandlance) and mysids are the primary prey items, suggesting large-scale changes in the marine environment around this colony.
Several species of the ice-associated amphipod genus Onisimus (Horner et al. 1992) , common in murre diets earlier (Gaston & Bradstreet 1993) , were present in diets at the Minarets in 2007−08, suggesting that summer sea ice continues to influence the organisms found in this area during the murre breeding season. At Prince Leopold Island, the birds sampled in 1976−77 contained a large number of Onisimus spp. (Gaston & Nettleship 1981) , but none was found in the recent samples. Sea ice is still present at Prince Leopold Island during the breeding season, and a number of the birds were collected while feeding among ice flows, so a decline in ice is not likely to account for the lack of Onisimus spp. amphipods in Lancaster Sound.
Changes in diversity
Contrary to our expectations, we found no evidence for an increase in species diversity in any of the 3 zones. The highest prey diversity in the historic samples was found at Digges Sound, but among the recent samples the highest diversity was found at the Minarets. However, at the latter colony, diversity was actually lower in 2007−08 than in 1985. As climatic conditions change, it has been predicted that highlatitude areas will likely be sensitive to changes in biodiversity (Cheung et al. 2009 ). Our results suggest that there has been no immediate effect on biodiversity with decreasing levels of summer sea ice, although much more comprehensive studies are needed.
Changes in trophic levels
The proportion of fish consumed by murres at lowand high-Arctic colonies was found to have significantly changed. Such changes may have caused a change in the overall trophic level of the murre diet since the last sampling period. The murres from the different colonies show a significantly different δN ratio in breast muscle tissue (J. F. Provencher & A. J. Gaston unpubl. data), suggesting that within the species, trophic level differs among colonies. If current dietary patterns persist, they may lead to the high-Arctic (Prince Leopold Island) murres feeding at a higher trophic level and low-Arctic (Digges Sound) murres feeding at a lower trophic level than in the past. Braune (2009) found that the murres from Coats Island (low Arctic) have shown a decrease in δN ratio in eggs since the early 1990s, suggesting that a change in trophic position on a colony-wide scale has occurred over the last 2 decades. Although historical diet information is not available from Coats Island and no historical stable-isotope data are available from Digges Sound, the change in trophic level at Coats Island supports the idea that the change in the proportion of fish in the diet at Digges Sound is potentially long-term, and has trophic-level implications. Furthermore, if the changes in the diet of the murres have led to a change in their trophic position, then our results have implications for the interpretation of pollutant loads, as trophic level influences biomagnification of contaminants such as mercury, and murres are an important monitoring species in the Canadian Arctic (Braune 2009).
CONCLUSIONS
With only 2 sampling periods to compare, changes in prey species need to be interpreted carefully, and more detailed sampling is needed to fully understand potential biodiversity changes in Arctic waters. However, the decrease in cold-water species across the low Arctic, along with the increase in capelin and mysids in the low and mid-Arctic, illustrates that the biota of these regions is undergoing dramatic changes.
The contrast between the changes in prey observed in the low Arctic and the much less dramatic changes in the diet of the murres in the mid-Arctic suggests that what has occurred in the low Arctic may represent a step-wise change in the marine ecosystem. While the low-Arctic areas in Hudson Bay seem to have shifted towards subarctic species over the last few years, the marine ecosystem of the midArctic appears to be at an Arctic−subarctic transition period, with sympagic species still present but with subarctic species such as capelin and sandlance now becoming regular components of seabird diets.
Overall, we see the greatest change in murre diet in the low Arctic and the least in the high Arctic, with the mid-Arctic showing an intermediate amount of change, as predicted. When this change is compared with sea ice data, the greatest change in diet, specifically in ice-associated prey species, coincides with those areas where sea ice has declined and is no longer present while murres are provisioning their chicks. In the mid-Arctic, where the sea ice is still present during the chick-rearing period, changes in prey species are already occurring, with capelin and sandlance now found at more northern latitudes than previously reported and now being consumed by the birds in quantities similar to those observed in the low Arctic 25 yr ago, suggesting that change will continue in this location if summer sea ice continues to decline. Along with razorbills Alca torda (Gaston & Woo 2008) and great black-backed gulls Larus marinus (H. G. Gilchrist & J. F. Provencher unpubl.), 2 subarctic marine birds, the movement of capelin to more northern latitudes adds to our knowledge of subarctic species that have become more common in low-and mid-Arctic areas. These changes may have several different effects on the murre colonies of the Arctic Archipelago, and continued work in monitoring of populations will help detect long-term changes in this important human-hunted species.
Studying murres in the Canadian Arctic provides significant and relevant information on changes in the availability of a number of fish and invertebrate species where little or no other fisheries-assessment work is currently being done. The murre colonies in the eastern Canadian Arctic, where long-term studies have been established, are strategic study locations where continued monitoring will allow us to track potential changes in seabird populations and their prey species as changing climatic conditions continue to be observed.
® ® ®
